T he ion channel field has benefited enormously from a plethora of natural toxins that target specific ion channels (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) , and those toxins continue to be key molecular tools in the postgenomics era. The ion transporter field has not been so lucky, in general. Its arsenal of specific toxins is much more limited, perhaps because it's not so easy to bring one's prey, or biological enemy, quickly to its knees by inhibiting an ion transporter or an ion pump. However, the Na͞K pump, which establishes the normal sodium and potassium gradients across the outer membranes of most animal cells, is an exception. The Na͞K pump is the specific target of two types of natural toxins, heart glycosides (14, 15) and palytoxin (16) (17) (18) . Although heart glycosides will be well known to the great majority of readers, palytoxin is likely to be obscure. Long deserving of more careful attention, a careful functional analysis of palytoxin actions presented in this issue of PNAS by Artigas and Gadsby (19) takes an important step to pick up the slack.
The two classes of Na͞K pump toxins could hardly be more different in their chemical structures (see Fig. 1 ) or mechanisms of action. Heart glycosides, such as ouabain and strophantidin, are atypical steroids produced by numerous plants, such as foxglove (Digitalis pupurea) (15) , presumably to discourage those who would eat them. Na͞K pumps are the only known targets for heart glycosides, although all Na͞K pumps are not inhibited equally. Potency is both species-and isoform-dependent (20) (21) (22) . Specifically, heart glycosides bind to the pump when its sodium binding sites are open to the extracellular side (23), thereby locking two sodium ions into the pump (24) . Elucidation of this mechanism consolidated in many respects our understanding of the Na͞K pump cycle. Heart glycosides continue to be important therapeutic agents in the treatment of cardiac insufficiency (15, 25) , and a lively debate continues as to whether heart glycosides really increase cardiac contraction by decreasing the transmembrane sodium gradient (26) (27) (28) . Potentially, this debate will lead to new insights into cardiac cell signaling and the physiology of endogenous ouabain-like compounds (29, 30) . But it would be very surprising if present concepts about the molecular action of ouabain on the Na͞K pump would need major correction.
Palytoxin, on the other hand, is a marine toxin (16) . It kills mice with an impressive LD 50 of 15 ng͞kg (16, 31) . It is a large nonpeptide molecule with a molecular weight of Ϸ3,000, containing a contiguous chain of Ͼ100 carbon atoms with 64 stereogenic centers (see Fig. 1 ) (32) . Isolated Ͼ30 years ago from Palythoa toxica corals on the coast of Hawaii (16) and identified more recently in other sea animals (33), its chemical synthesis was a major technical feat (32) , and its mechanism of action is no less outstanding.
Although palytoxin was suggested to have multiple sites of action (31) , recent work suggests specificity for Na͞K pumps (34, 35) and possibly a closely related H͞K pump (36) . The results of Artigas and Gadsby (19) provide very strong new support for specific actions at the Na͞K pump in cardiac cells. Entirely unique among toxins characterized to date, palytoxin bridges the worlds of ion channels and transporters by converting the Na͞K pump from an ion pump into a nonspecific ion channel (17, 34) . The mechanism is devious, because in so doing palytoxin short-circuits the membrane function of cells that rely on Na͞K pumps to generate ion gradients (37) and finally can cause cell lysis (38) . The mechanism is fundamental, because it touches on long-standing questions about the commonalities of ion channels and pumps, as well as their molecular evolution. Artigas and Gadsby (19) are providing important insights into this molecular conversion by demonstrating that partial reactions of the Na͞K pump cycle become gating reactions for the palytoxin-induced channel activity.
Most physiologists appreciate that ion channels and ion pumps are somehow related in their function and structure. But the devil still lurks in the details! See companion article on page 501. *E-mail: donald.hilgemann@utsouthwestern.edu. Most ion channels undergo multiple types of gating reactions that open and close their conduction pathway (1) . As sketched by Artigas and Gadsby (19) , the partial reactions of the Na͞K pump (39) seem tantalizingly homologous to the gating reactions of ion channels. Two gating reactions must occur in the pump, one that opens ion binding sites to the cytoplasmic side and one that opens binding sites to the extracellular side. In contrast to an ion channel, one gate must remain closed at all times. With these non-negotiable specifications, the Na͞K pump cycle occurs via four ''gating'' reactions as illustrated in Fig.  2 : When the cytoplasmic gate is open (Fig. 2 Lower) , the binding of sodium ions turns a molecular switch that activates ATP hydrolysis and closes the cytoplasmic gate. With the cytoplasmic gate closed, the extracellular gate can open, allowing sodium to leave and potassium ions to bind on the extracellular side (Fig. 2 Upper) . The binding of potassium ions turns a molecular switch to dephosphorylate the pump and close the extracellular gate (40, 41) . Finally, the cytoplasmic gate can open and release potassium ions to the cytoplasmic side. Now comes palytoxin, which allows, according to Artigas and Gadsby (19) , both gates of the Na͞K pump to be open at the same time. What can be learned by careful analysis of the channel activity? The first eye-opener is that the channel formed is nonspecific and of relatively low conductance (Ϸ10 pS). For both sodium and potassium channels, a number of toxins and drugs are known to act by preventing channel closure or inactivation (see Fig. 3A ). In the case of veratradine (9), for example, sodium channels remain open for very long times and thereby prolong action potentials and load cells with sodium. In the case of the KATP potassium channel opener, pinacidil, the closure of channels induced by cytoplasmic ATP can be largely prevented (42, 43) . In no case is it reported that the selectivity or single channel conductance is changed by an ''ion channel opener.'' As seen in Fig. 3A , the selectivity and high through-put of ion channels relies on a single-file pathway of the ions through multiple binding sites. If selectivity of the Na͞K pump occurred in a similar single-file pathway, the opening of pump's gates would generate a selective channel conductance. That is not the case. The second eye-opener is that all of the ligands known to act on the Na͞K pump can be demonstrated to modulate the gating of palytoxininduced ion channel activity. Furthermore, the actions of ions and ATP on channel gating can be accounted for reasonably by knowledge of the pump cycle, sketched in Fig. 2 . This is strong evidence that the palytoxin-induced channels are indeed generated by Na͞K pumps, not by some associated ion channel. More importantly, the results open entirely new possibilities for studying conformational changes of the Na͞K pump and their control by pump ligands at the level of single pumps.
How are the molecular mechanisms of ion pumps and channels really similar and different? Artigas and Gadsby (19) make an eloquent case for studying the Na͞K pump as a modified ion channel with two gates and a central pore in which ions bind. At the same time, fundamental differences between ion pumps and channels are also coming into focus. After all, very different evolutionary pressures must have existed to generate efficient ion channels and pumps from a hypothetical common ancestor. The pores of ion channels clearly evolved to maximize selectivity and throughput, and single filing of ions through sequential binding sites is fundamental to these ends (44) . Ion pumps have no need of single filing, because their turnover rates are determined by slow conformational changes. Indeed, the two calcium ions transported by the calcium pump of the sarcoplasmic reticulum are bound side by side (45) , not in a single file, and ligand binding reactions also are suggested to take place in parallel sites in other transporters (e.g, ref. 46 ). There are certainly exceptions, but the gates of ion channels in general work rather independently from the binding of ions in the permeation pathway (47) . That is why gating currents could be measured with high resolution in voltage-gated ion channels in the absence of permeating ions (48). The (39) and closes its cytoplasmic gate (reaction 1). Therewith, the extracellular gate can open (reaction 2), releasing one sodium ion, and the last two sodium ions can dissociate and be replaced by potassium ions. When two potassium ions are bound, the extracellular gate can close and the pump dephosphorylates (reaction 3). Therewith, the cytoplasmic gate can open and potassium ions can be replaced by sodium ions on the cytoplasmic side (reaction 4). Fig. 3 . Cartoons of the permeation pathways of an ion channel (A) and the Na͞K pump (B) when their gates are opened by a toxin. The ion diffusion pathway of the channel is selective, whereas that of the Na͞K pump is not.
gates of transporters and pumps, on the other hand, must be controlled with high selectivity and reliability by the binding and unbinding of ions. For the Na͞K pump, at least four different gating reactions must be controlled reliably. Given these requirements, very different from those of any ion channel, it would not be surprising if ion binding and coordination reactions were rather different from in a channel. Slower reactions with substantially higher interaction energies would certainly not be a surprise. For sodium channels, it has been suggested that a change of ion selectivity can be used as a physiological signaling mechanism to bring calcium into cells (49, 50) . However, those claims remain unproved (51, 52) . For the Na͞K pump, a change of ion binding selectivity is the bread and butter of every transport cycle. The task of understanding these exquisitely controlled molecular reactions is daunting, and major strides in the structural arena are, of course, a prerequisite. However, new approaches to tease apart and analyze the individual reactions of the pump are also a prerequisite, and palytoxin in the right hands clearly provides an important handle to do so.
The chemical structure of palytoxin was kindly provided by Dr. Yoshito Kishi (Harvard, Boston).
